X-LIS and SCLH are believed to be disorders of neuronal ing is observed in differentiating neurons. In cultured migration; however, the function of Doublecortin and neurons, Doublecortin expression is highest in the disthe pathophysiological mechanisms that result from its tal parts of developing processes. We demonstrate by deficit remain unknown. sedimentation and microscopy studies that DoubleSeveral other genes have been isolated that, when cortin is associated with microtubules (MTs) and posdisrupted, cause neuronal migration disorders in mice. tulate that it is a novel MAP. Our data suggest that 
gration (Rivas and Hatten, 1995; Rakic et al., 1996): the neuronal cell extends a leading process toward the target destination, followed by a translocation of the nucleus and of cytoplasmic components (Rakic, 1971 ; Komuro and Rakic, 1995) . Axonal elongation is similarly dependent upon cytoskeletal dynamics (reviewed by Gordon-Weeks, 1991; Tanaka and Sabry, 1995). Identifying the molecules that participate in these cytoskeletal events is thus of considerable interest. It is clear that both microtubules (MTs) and actin filaments are important: both are present in leading and axonal processes, and the nucleus is surrounded by a MT network underlying a rim of actin filaments (Rivas and Hatten, 1995) . Interestingly, LIS1 was shown to interact with tubulin and to have an effect on MT dynamics (Sapir et al., 1997) . Other recent data suggest that Cdk5 and p35 influence the reorganization of the actin cytoskeleton (Nikolic et al., 1998) . 
Characterization of Polyclonal Antibodies
In lanes 1 and 2, the upper doublet of Doublecortin bands are sus- reveal in human fetal brain a band of approximately 40 kDa, which is the predicted molecular weight of Doublecortin. In mouse extracts from E12.5 to newborn, a which revealed an expression in young neurons that band of the same size and higher molecular weight diminishes with neuronal maturation and is undetectbands were detected (the upper band is a doublet as able in extracts from 24-and 30-day-old cultures (Figure shown in Figure 1B ). These bands were absent at E10.5 1C). Phosphorylated forms of Doublecortin were oband in the adult indicating that Doublecortin expression served as noted previously with the mouse tissue exis developmentally regulated. The bands detected are tracts. An antibody, GT335, directed at glutamylated likely to be specific since preincubation of antisera with tubulin was used in parallel against the same extracts: the synthetic peptides completely blocked the detection a band of 50 kDa (corresponding to ␣␤-tubulin) was of all bands, and preimmune sera gave no signal on the detected in all samples ( Figure 1D) , with a slight increase Western blots. The presence of several bands (Figure in expression with time in culture, as expected during 1B) suggests that Doublecortin may be posttranslaneuronal maturation (Audebert et al., 1994) . Hence, Doutionally modified. Treatment of neonatal mouse brain blecortin is only detected in young differentiating neuprotein extracts with alkaline phosphatase led to the rons in culture. Western blot analysis was also perdisappearance of the upper doublet ( Figure 1B ). Addiformed on cultured glial cells obtained from newborn tion of sodium pyrophosphate, a phosphatase inhibitor, mice, and no Doublecortin was detected, confirming prior to the phosphatase, resulted in the detection of all that its expression is specific to neurons (data shown bands. Hence, Doublecortin exists in a phosphorylated in Figure 5 accurately the temporal and spatial profile of Doublecorwall at E11.5 shows staining of neurons in the preplate, and Doublecortin is detectable in the cell somata as well tin expression. Observations were made initially at low magnification in order to determine the regional distribuas the fibers. This localization is also visible in Figure  2F in dorsal root ganglia neurons. In sections of the tion. Using a 5Ј UTR RNA probe, no specific signals were observed at mouse embryonic day 9.5, whereas spinal cord at E11.5 ( Figures 2G and 2H) , Doublecortin is predominantly expressed in the ventral horn region, at day 10.5 very weak signals were visible in the neuroepithelium. Sections of mouse embryos taken at ages suggesting that it is abundant in long projecting neurons. Double-labeling experiments were performed in rat 11.5, 12.5, 14.5, and 16.5 show a noticeably stronger labeling in the telencephalon, diencephalon, and mesenbrain sections: Doublecortin was compared to ␤ III tubulin, which has been previously shown to be present cephalon, in the olfactory lobes, the developing cerebellum, the brain stem, the spinal cord, and the dorsal in migrating and differentiating, postmitotic neurons in the developing cortex (Lee et al., 1990). In general, Douroot ganglia (Figure 2A) Figure 2E , high magnification of a section through the ventricular cell nuclei, which are particularly dense in the ventricular and PЈ1). Note that the major proportion of Doublecortin cosediments with cold-stable MTs, whereas approximately 50% of MAP2 is found in the soluble fraction. The SЈ1 fraction was subjected to a further cycle of polymerization, followed by sedimentation (S2, P2).
Specific to Doublecortin
little or no effect of taxol on the Doublecortin staining Doublecortin and MAP2 both associate with the newly formed MTs.
pattern.
The results of these experiments were investigated by Western blot analysis. As shown in Figures 5A and cosediment with MTs in the same fraction as MAP2 ( Figure 5D ). With successive cycles of polymerization, 5B, three Doublecortin-specific bands are detected in control cells, whereas with nocodazole treatment the Doublecortin was consistently found to sediment with newly formed microtubules. Interestingly, a depolymeriupper doublet is absent. These data hence suggest that the phosphorylated forms of Doublecortin are decreased zation step at 0ЊC followed by sedimentation showed that the majority of Doublecortin remained associated in the presence of nocodazole. Neuronal cells were extracted with detergent in order to separate soluble prowith cold-stable microtubules whereas MAP2 was equally distributed between pellet and supernatant fractions teins from the detergent-insoluble matrix, which consists of cytoskeletal polymers and associated proteins.
( Figure 5D ). These results were further investigated using purified Doublecortin, similar to MAP2, was found in both soluble and detergent-insoluble fractions ( Figure 5C Doublecortin alone under the same conditions was present in the soluble fraction. It was not possible to re-form MTs using the S3 tubulin fraction alone, suggesting that whereas 5 mM GTP, GDP, ATP, and ADP had no effect the concentration was too low. A further polymerization (data not shown). GST control protein under the same step, however, with added GST-Doublecortin led to MT conditions was exclusively present in the supernatant assembly (P4). These latter data suggest that Doufraction ( Figure 6B ). Further controls using soluble puriblecortin reduces the critical concentration of tubulin fied tubulin were performed to demonstrate that the required for MT assembly. sedimented Doublecortin was associated with MTs. PuThe effect of GST-Doublecortin on the polymerization rified tubulin was incubated either at 4ЊC or with taxol of MTs was further tested. As shown by sedimentation, or nocodazole at 37ЊC in the presence of GST-Doubleat low concentrations (5 M) soluble tubulin alone does cortin ( Figure 6B ). In the presence of taxol, MTs are not polymerize; however, in the presence of GSTassembled and a proportion of Doublecortin is found in Doublecortin, increasing quantities of MTs were sedithe pellet fraction. In the presence of nocodazole or mented ( Figure 7A ). The GST control protein had no at 4ЊC, no polymerization occurs and the tubulin and effect on tubulin polymerization ( Figure 7B ). Hence, DouDoublecortin remain in the soluble fraction. Hence, Doublecortin reduces the critical concentration required for blecortin cosediments specifically with MTs.
MT formation. Similar results were observed by microsThe data presented in Figure 6A were quantified by copy using rhodamine-labeled tubulin (Figures 7C-7E ). densitometry and plotted ( Figure 6C 
